Hopanes are abundant in ancient sedimentary rocks at discrete intervals in Earth history, yet interpreting their significance in the geologic record is complicated by our incomplete knowledge of what their progenitors, hopanoids, do in modern cells. To date, few studies have addressed the breadth of diversity of physiological functions of these lipids and whether those functions are conserved across the hopanoid-producing bacterial phyla. Here, we generated mutants in the filamentous cyanobacterium, Nostoc punctiforme, that are unable to make all hopanoids (shc) or 2-methylhopanoids (hpnP). While the absence of hopanoids impedes growth of vegetative cells at high temperature, the shc mutant grows faster at low temperature. This finding is consistent with hopanoids acting as membrane rigidifiers, a function shared by other hopanoid-producing phyla. Apart from impacting fitness under temperature stress, hopanoids are dispensable for vegetative cells under other stress conditions. However, hopanoids are required for stress tolerance in akinetes, a resting survival cell type. While 2-methylated hopanoids do not appear to contribute to any stress phenotype, total hopanoids and to a lesser extent 2-methylhopanoids were found to promote the formation of cyanophycin granules in akinetes. Finally, although hopanoids support symbiotic interactions between Alphaproteobacteria and plants, they do not appear to facilitate symbiosis between N. punctiforme and the hornwort Anthoceros punctatus. Collectively, these findings support interpreting hopanes as general environmental stress biomarkers. If hopanoid-mediated enhancement of nitrogen-rich storage products turns out to be a conserved phenomenon in other organisms, a better understanding of this relationship may help us parse the enrichment of 2-methylhopanes in the rock record during episodes of disrupted nutrient cycling.
A major constraint on our interpretative confidence arises from the fact that while hopanoids are made by phylogenetically diverse bacteria, to date, studies of hopanoid function have mainly been performed in Proteobacteria. Such work has shown that hopanoids assist in rigidifying cell membranes, aid in stress tolerance, and are important in facilitating plant-microbe symbioses (Kulkarni et al., 2013 Ricci et al., 2014; Sáenz et al., 2015; Schmerk, Bernards, & Valvano, 2011; Silipo et al., 2014; Welander et al., 2009; . Although today Alphaproteobacteria appear to be the dominant producers of hopanoids in most environments (Pearson & Rusch, 2009; Ricci et al., 2014) , cyanobacteria have long been known to contribute to hopanoid deposition in certain locales, such as Yellowstone National Park (Jahnke et al., 2004) . Biologically oriented studies of hopanoids in cyanobacteria have focused mainly on hopanoid localization within different cell types of Nostoc punctiforme (Doughty, Hunter, Summons, & Newman, 2009) or on engineering the unicellular cyanobacterium Synechocystis PCC 6803 to produce squalene, the hopanoid precursor, for biofuel applications (Englund et al., 2014) . The impact of hopanoid production on cyanobacterial physiology has not received attention. Because progress in interpreting hopane abundance patterns in ancient rocks requires the identification of conserved biological roles for hopanoids that transcend species-specific or even phylum-specific effects, we sought to identify hopanoid-dependent phenotypes of environmental relevance in the representative hopanoid-producing filamentous cyanobacterum,
N. punctiforme.
Nostoc punctiforme is a diazotrophic symbiotic cyanobacterium that lives in a variety of freshwater and terrestrial habitats, including hot springs. As part of its life cycle, N. punctiforme forms four distinct cell types (Meeks, Campbell, Summers, & Wong, 2002) , whose environmental regulation and cell biology is well understood. Under nutrient-replete conditions, filaments are exclusively composed of photosynthetic vegetative cells. When nitrogen-limited, a few vegetative cells terminally differentiate into heterocysts, which fix and distribute nitrogen to neighboring cells. Spore-like akinetes form when N. punctiforme is exposed to other stresses, such as low light or phosphate starvation, and can survive under harsher conditions than vegetative cells, including extreme cold and desiccation (Argueta & Summers, 2005; . Finally, vegetative cells can become motile hormogonia when exposed to certain stresses, such as transfer to fresh growth medium, nitrogen limitation, or in the presence of a symbiotic partner. N. punctiforme forms symbioses with multiple diverse plant species, including members of the hornworts, liverworts, gymnosperms, and angiosperms (Meeks & Elhai, 2002) . In each of these symbioses, the bacterium transfers fixed nitrogen to its host, while the plant partner provides a carbon source. One particularly well-studied N. punctiforme symbiosis is its interaction with the hornwort Anthoceros punctatus (Meeks, 2009; .
In this association, N. punctiforme infects the mucilaginous cavities at the growing edge of gametophyte tissue to create visible symbiotic colonies (Meeks & Elhai, 2002 ).
Biological context is useful when picking a model organism for geobiological studies, as it permits ecologically relevant examination of hopanoid functions. Previously, we characterized the abundance of hopanoids in N. punctiforme's non-symbiotic life cycle (Doughty et al., 2009 ). This analysis found that while hopanoids and 2-methylhopanoids occur in all cell types, they are most abundant in the outer membranes of akinetes. Their presence in these different membrane compartments raised the question of whether hopanoids might play multiple physiological roles, including in the context of symbiosis. Symbiotic niches correlate with the presence of hopanoid biosynthetic genes in modern environments (Ricci et al., 2014) , and recent studies of two different Alphaproteobacteria linked hopanoid production to symbiotic fitness Silipo et al., 2014) . However, the mechanisms whereby hopanoids contribute to these effects are unclear, and whether this linkage extends to cyanobacteria or other phyla is unknown.
To better understand whether the physiological roles of hopanoids extend across phyla, we took a genetic approach to investigating their functions in N. punctiforme over various stages of its life cycle.
Specifically, we sought to determine whether hopanoid-linked survival phenotypes could be found for vegetative cells and akinetes, and whether hopanoids similarly promote a successful symbiosis of N. punctiforme with a plant host.
| METHODS

| Bacterial and plant growth conditions
Nostoc punctiforme ATCC 29133 (PCC 73102) wild type (WT) was obtained from Prof. John C. Meeks, and we used an S variant of the same species, referred to as N. punctiforme S (Table 1) . While N. punctiforme ATCC 29133 has full symbiotic functionality, N. punctiforme S does not; yet N. punctiforme S grows more homogeneously in liquid medium than N. punctiforme ATCC 29133. N. punctiforme strains and mutants were routinely grown in quarter strength Allen and Arnon medium (AA/4) or in full strength AA medium with 1% noble agar (Allen & Arnon, 1955) . The medium was supplemented with 2.5 mm nitrate, 2.5 mm ammonium, and 5 mm morpholinepropanesulfonic acid (MOPS) pH 7.8 (MAN) to achieve vegetative growth unless otherwise stated. Cultures were incubated at 25°C with 100 rpm shaking under cool white fluorescent lights at 15-19 μmol photon m −2 s −1
.
Temperature stressed cultures were incubated at 13°C or 40°C with all other conditions the same. Akinetes were induced in cultures grown to a concentration of 7 μg chlorophyll a/ml by washing and resuspension in MAN lacking phosphorous medium and incubation at room temperature under low light at 1-2 μmol photon m −2 s −1 in the same medium for 1 month. Flasks were gently swirled once daily to resuspend the settled cells.
For spot stress survival assays, 50 ml N. punctiforme S cultures grown to 10 μg chlorophyll a/ml were harvested by centrifugation at 2000 × g for 5 min. Cells were resuspended in fresh medium, separated into 10 ml aliquots and supplemented with 0.45 mm EDTA, 300 mm NaCl, 300 mm mannitol, or without addition and incubated under standard conditions for 3 days. A total of 5 μl of twofold serial dilutions was spotted on solid medium and incubated for 10 days. For desiccation assays, 5 μl of twofold serial dilutions was spotted onto filters. Once dry, the control filter was transferred to AA solid medium and incubated under standard conditions for 10 days. The remaining filters were incubated in otherwise empty Petri dishes under standard conditions for 3 or 8 hr before being transferred to AA solid medium and incubated for 10 days. Doubling times for growth curves were calculated by monitoring μg chlorophyll a/ml of culture (Meeks, Wycoff, Chapman, & Enderlin, 1983) . Lysozyme survival experiments used cultures grown to 4.3 μg chlorophyll a/ml to which lysozyme was added to a concentration of 150 μg/ml and incubated at room . To reconstitute the N. punctiforme and A. punctatus symbiosis, 100 μl of 10 μg chlorophyll a/ml vegetatively grown N. punctiforme ATCC 29133 was added to 5 g of A. punctatus in 10 ml of Hutner's without ammonium nitrate. After incubating for 2 weeks under standard A. punctatus growth conditions, the plant tissue was examined for N. punctiforme colonies under the dissecting microscope .
Escherichia coli DH5α-MCR strains were grown in Luria broth (LB) at 37°C with 250 rpm shaking. Cultures were supplemented with 25 μg/ml kanamycin or 30 μg/ml chloramphenicol when appropriate.
| Construction of N. punctiforme hopanoid mutant and complemented strains
shc (Npun_R6245) and hpnP (Npun_R2435) were mutated in N. punctiforme S, and shc was mutated in N. punctiforme ATCC 29133 using the same plasmid constructs. Mutants were constructed by interrupting genes of interest with the omega neomycin phosphotransferase gene cassette (Ω-npt) as outlined in Table 1 . Specifically, the hpnP (Npun_ R2435) insertional mutation plasmid was constructed by amplification of a PCR fragment containing hpnP and flanking regions using primers CTCGAGagaaaaggcgtttgagaaattt and ACTAGTatgtacgctactcgttgtgt from N. punctiforme genomic DNA and cloning into a TOPO TA plasmid. The resulting plasmid was digested with EcoRV, which cut within hpnP, and blunt end ligated with Ω-npt cut from pSCR9 with Ecl136II.
The interrupted hpnP was then cloned into the SpeI and XhoI sites of pRL271 to produce pJR102. The pJR101 mutation plasmid for shc (Npun_R6245) was constructed in a similar fashion except that primers tctagaCTCGAGatgcaaacacaagacagggt and tctagaACTAGTttaactttctttaatcgctgct were used to generate the fragment from genomic DNA, and a filled NheI site within shc was used for insertion of Ω-npt.
Plasmids pJR101 and pJR102 were introduced into N. punctiforme by triparental conjugation and selected for integration into the chromosome with 10 μg/ml neomycin for 2 weeks on plates. After colonies grew up on plates, they were transferred to liquid medium with selection and sequentially transferred for 3 months to out grow E. coli. Elimination of the plasmid was achieved on plates using neomycin selection and 5% (w/v) sucrose counterselection for 1 month (Cai & Wolk, 1990) . Both shc and hpnP mutants were grown in selective medium with 10 μg/ml neomycin. Nostoc punctiforme S shc::Ω-npt (shc) was complemented with pJR103 (pSCR202::shc) inserted into the strain through electroporation to create N. punctiforme S shc::Ω-npt pJR103 (shc complement).
T A B L E 1 Strains and plasmids used in this study
Similarly, N. punctiforme S hpnP::Ω-npt (hpnP) was complemented with pJR104 (pSCR202::hpnP) to create N. punctiforme S hpnP::Ω-npt pJR103 (hpnP complement). Electroporation and selection with 5 μg/ ml ampicillin were as described previously (Summers, Wallis, Campbell, & Meeks, 1995) . Control WT and mutant strains were created by introducing empty pSCR202 into N. punctiforme S WT, shc, and hpnP as described above. These control strains were used in experiments that included the complemented mutants. The control and complemented strains were grown in selective medium with 10 μg/ml neomycin and 5 μg/ml ampicillin.
All plasmids and strains used in this study can be found in Table 1 .
DNA sequences for all plasmids and cloning intermediates were confirmed by sequencing at Retrogen (http://sequencing.retrogen.com/).
| Hopanoid analysis and lipidomics
A total of 50 ml N. punctiforme S WT, shc, hpnP, shc complement, and hpnP complement cultures were grown vegetatively to 10 μg chlorophyll a/ml. Total lipid extracts were obtained by microscale extraction as described previously (Wu, Kong, et al., 2015) . In brief, 1 ml was harvested by centrifugation at 14,000 × g for 2 min and resuspended in 50 μl of ddH 2 O in a 400 μl glass insert within a gas chromatogra- were included in PCA analysis. LC-MS relative peak intensities were calculated by dividing the uncorrected peak intensities by the maximum peak intensity of that particular sample.
| Microscopy
Phase-contrast micrographs were obtained using the 100X objective of a Zeiss Axiolab microscope equipped with a DVC Model 1312M camera. Cells and refractile granules were counted manually from photomicrographs of biological replicates (n = 141 cells per strain).
Refractile granules were assumed to be cyanophycin because glycogen granules are below the resolution of light microscopy. Akinetes were distinguished from vegetative cells by their larger size and increased granulation or by increased size alone for the shc mutant.
| RESULTS
| Nostoc punctiforme shc and hpnP mutants do not make hopanoids and 2-methylhopanoids, respectively
To study hopanoid functions, mutants unable to synthesize all hopanoids, or 2-methylhopanoids specifically, were created in N. punctiforme. Based on homology to Rhodopseudomonas palustris TIE-1 shc and hpnP, we identified shc (41% amino acid identity), which encodes for the first step in hopanoid biosynthesis, and hpnP (58% amino acid identity), which encodes the C-2 methylase. We interrupted shc in N. punctiforme ATCC 29133, and shc and hpnP in N. punctiforme S (Table 1) . These two strains were employed because N. punctiforme ATCC 29133 is symbiotically competent, whereas N. punctiforme S is not, but N. punctiforme S is easier to manipulate in free-living growth conditions. For these reasons, N. punctiforme ATCC 29133 was used for symbiotic assays and N. punctiforme S was used for all other experiments.
To confirm that these hopanoid mutants did not make their expected downstream products, we analyzed their hopanoid composition by established GC-MS methods (Fig. 1 ). Hopanoids were positively identified by comparison of retention times and mass spectra to previous work (Doughty et al., 2009) (Fig. S1 ). In the WT strains, the following hopanoids were detected: diploptene (II), 2-methylbacteriohopanetetrol (III), bacteriohopanetetrol (IV), and 2-methylbacteriohopanepentol (V). While the C 30 hopanoid (II) was only observed in N. punctiforme ATCC 29133, the C 35 hopanoids (III, IV, and V) were the major hopanoids identified in both strains of N. punctiforme. We also identified the hopanoid precursor, squalene (I). We did not observe the production of bacteriohopane cyclitol ether, which was reported in the earlier study (Doughty et al., 2009) . Although we observed partial restoration of total hopanoid production in the shc complementation strain, 2-methylbacteriohopanepentol was not detected. Surprisingly, 2-methylhopanoids could not be detected in the hpnP complementation strain, indicating complementation did not work, for unknown reasons. Accordingly, we ceased using this strain for subsequent experiments.
| Growth characterization of hopanoid-lacking mutants under extreme temperatures
Hopanoids have previously been demonstrated to help rigidify membranes (Sáenz, Sezgin, Schwille, & Simons, 2012; , so we hypothesized that their absence would affect the growth rate of N. punctiforme at extreme temperatures. To test this, we compared the doubling times of N. punctiforme S WT, shc, and hpnP at different temperatures. At the ambient temperature of 25°C, there was no difference in doubling time between the shc and WT strains ( Fig. 2A) , but hpnP exhibited a slightly slower doubling time than WT (38 vs 33 hr, p = .016; Fig. 2B ). However, at elevated temperature of 40°C, shc had a significantly slower doubling time compared to WT (66 vs 43 hr, p = .002; Fig. 2A ), while at 13°C shc had a slightly faster doubling time than WT (p = .15). The shc complement was able to partially return the doubling time to WT levels at 40°C (p = .096), but not at 13°C (p = .191). Unlike shc, hpnP did not exhibit significant differences in growth rate from WT at extreme temperatures (Fig. 2B ).
To better understand the temperature phenotypes of WT, shc, and shc complement, we determined whether the presence of specific hopanoids varies as a function of temperature in WT and shc complement. The total abundance of hopanoids in WT varied little as a function of temperature, but the relative composition of hopanoids changed (Fig. 3) . At 40°C in WT, no 2-methylbacteriohopanepentol was observed, while bacteriohopanetetrol and 2-methylbacteriohopanetetrol were more abundant than at 25°C. These changes in hopanoid abundances may play a role in F I G U R E 1 GC-MS total ion chromatograms of total lipid extracts of N. punctiforme WT, hopanoid mutants, and complementation strains. N. punctiforme shc and hpnP do not make hopanoids and 2-methylhopanoids, respectively. While the shc complement makes some hopanoids, the hpnP complement does not make any 2-methylhopanoids. A) N. punctiforme ATCC 29133. B and C) N. punctiforme S. abbreviations include I squalene, II diploptene, III 2-methylbacteriohopanetetrol, IV bacteriohopanetetrol, V 2-methylbacteriohopanepentol, VI bacteriohopanepentol. Retention time shifts are due to samples being run at different times
WT (ATCC 29133)
shc ( the slower growth rate of shc at high temperature. The shc complement produced less total hopanoids and specific hopanoids than WT at 25°C and 40°C and made no hopanoids at 13°C. This might explain why it does not exhibit similar doubling times at extreme temperatures. It is unclear why shc complement was able to restore hopanoid production at high temperature, but not at low temperature. Future work could resolve this problem by expressing the shc gene from its native promoter on the chromosome to ensure WT levels of expression.
To expand our understanding of temperature-induced changes to the N. punctiforme lipidome in the presence and absence of hopanoids, we measured changes in the overall lipid environment between N. punctiforme S WT and shc at 13, 25, and 40°C. PCA separated the lipidomes by temperature along PCA1 (29.3%) and PCA2
(21.3%) further separated the lipidomes by genetic background (Fig. 4) . While WT and shc showed few changes at 25°C, differences in the lipid composition of these strains at 13°C and 40°C were more pronounced. Particularly, the lipidomes of shc at temperature extremes clustered further away from the shc lipidome at 25°C when compared with the lipidomes of WT. The shc complement lipidome at 25°C closely resembles WT at that temperature, while its lipidome at 40°C shares similarity with both WT and shc lipidomes at 40°C. 
| Vegetative cells of N. punctiforme hopanoid mutants have no defects under various stresses
Hopanoids are known to promote tolerance to other stresses in diverse organisms (Kulkarni et al., 2013; Silipo et al., 2014; Welander et al., 2012) . To determine whether this was also the case for N. punctiforme, we tested whether hopanoid-and 2-methylhopanoid-lacking N. punctiforme S showed WT survival under ionic osmotic stress (NaCl), non-ionic osmotic stress (mannitol), envelope stress (EDTA), and desiccation (Fig. S2 ). Under these stress conditions, WT vegetative cells displayed reduced growth in spot dilutions compared to ambient growth conditions, suggesting that physiologically relevant concentrations of stressors were used.
However, both shc and hpnP mutants grew like WT under all the stresses examined, suggesting hopanoids are not needed for tolerance of these stresses in vegetative cells.
| Hopanoids promote stress tolerance and granulation in akinetes
Because our previous studies showed that the majority of hopanoids produced by N. punctiforme localize to akinetes, we reasoned they might particularly impact this cell type. To test this hypothesis, we observed akinete formation (Fig. 5 ) and stress resistance of akinetes produced by the different mutant strains (Fig. 6 ). All strains were able to differentiate into akinetes to similar levels (35%-40% akinetes) (Fig. 5 ), yet exposure to the peptidoglycandegrading enzyme, lysozyme, revealed differential akinete sensitivities (Fig. 6) . Although lysozyme targets the cell wall, it must penetrate the outer membrane to reach its target. Accordingly, akinete sensitivity to lysozyme can be interpreted as a reflection of outer membrane integrity (Argueta & Summers, 2005; Jensen & Sicko, 1971) . Overall, lysozyme treatment resulted in a ~10-fold decrease in survival for WT akinete-containing cultures. This small decrease in survival could be attributed to loss of vegetative cells and partially mature akinetes. In contrast, shc akinetes exhibited a ~100-fold decrease in survival as compared to the WT. This defect was partially repaired (10-fold) in the shc complementation strain.
WT levels of survival were observed for the hpnP mutant. These results indicate that desmethylated hopanoids play a role in preventing entry of environmental stressors into the inner layers of the akinete.
During akinete counting, phase-contrast microscopy revealed differences in granulation between WT, shc, and hpnP (Fig. 5) . The number of granules in vegetative cells typically increases during stationary phase due to the accumulation of refractile inclusion bodies containing cyanophycin, a poly amino acid used for nitrogen and carbon stor- N. punctiforme ATCC 29133 shc was able to infect A. punctatus similar to WT (Fig. 7) . Two weeks post-infection, A. punctatus with either symbiont was not chlorotic, and the number and size of N. punctiforme colonies were similar. The health of A. punctatus infected with either strain was tracked for a total of 8 weeks with no defects observed. Our qualitative assessment of the symbiosis showed no defect in plant health or the appearance of N. punctiforme symbiotic colonies.
| DISCUSSION
Hopanes and their C-2 methylated counterparts are important bacterial biomarkers whose appearance in the rock record has yet to be fully explained. Key to achieving a satisfying explanation is the need to understand hopanoid functions in diverse modern bacteria and to know which environmental conditions trigger their production. To date, studies using genetic and phenotypic analyses in Alphaproteobacteria have found that hopanoids are involved in membrane rigidity, stress tolerance, and symbiotic interactions (Kulkarni et al., 2013; Ricci et al., 2014; Sáenz et al., 2015; Schmerk et al., 2011; Silipo et al., 2014; Welander et al., 2009; . Although Alphaproteobacteria appear to be the dominant 2-methylhopanoid producers in modern environments, as well as the group that first evolved the C-2 methylase (Ricci, Michel, & Newman, 2015; Ricci et al., 2014) , it has long been appreciated that cyanobacteria make 2-methylhopanoids in significant abundance in some environments (Summons et al., 1999; Talbot et al., 2008) .
Robust interpretations of hopanes in the rock record will require an understanding of generalizable hopanoid functions; thus, we used genetic analysis to begin to elucidate hopanoid functions in the model hopanoid-producing cyanobacterium N. punctiforme.
Hopanoid-deficient N. punctiforme S has a significant growth defect at elevated temperature and a slightly faster growth rate at lower temperature. These phenotypes at high and low temperatures are consistent with hopanoids rigidifying the membrane, as observed for R. palustris (Kulkarni et al., 2013) . It is likely that the lack of hopanoids in the shc mutant caused this strain to have a more fluid membrane than WT, leading to a growth defect at a high temperature, when . Furthermore, at cold temperatures, when membranes are often more rigid, the absence of hopanoids may allow the membrane to be more fluid, rationalizing the faster growth rate of shc than the WT at 13°C (van Meer et al., 2008) . Interestingly, N. punctiforme S hpnP mutant did not show any growth defects at extreme temperatures, but did display a depressed growth rate at ambient temperature. Experiments with ∆hpnP mutants of R. palustris (Kulkarni et al., 2013) and Bradyrhizobium diazoefficiens have not shown growth rate defects at any temperature. Taken together, these data suggest that while 2-methylhopanoids do not act as temperaturedependent membrane rigidfiers per se, their absence may cause a subtle species-specific phenotype that warrants further investigation.
One mechanism whereby hopanoid deletion may affect bacterial physiology is through indirect effects on other membrane constituents. Although much remains to be learned about the nature of these changes, our comparative lipidomic work for WT and shc at varying temperatures revealed differences. Interestingly, we found no significant changes in the total abundance of hopanoids across temperatures, only small differences in specific hopanoids. These data suggest that hopanoid function at extreme temperatures is not dependent on the total amount of hopanoids present, but may depend on having more or less of specific hopanoids, such as 2-methylbacteriohopanetetrol (Fig. 3) . Additionally, the cell's total lipid composition remodeled in response to temperature in both WT and shc, with greater changes observed in the strain lacking hopanoids (Fig. 4) . Such variations in the lipidomes of organisms exposed to changing temperature are expected and are thought to adjust the membrane to a more suitable fluidity (van Meer et al., 2008; Neubauer et al., 2015) . We speculate that these temperature-induced changes to the shc lipidome contribute to the shc phenotype at extreme temperatures. That the changes effected by the absence of hopanoids did not significantly alter vegetative cell stress resistance is noteworthy and may reflect the fact that, with the exception of the akinete outer membrane (Doughty et al., 2009) , N. punctiforme cells generally contain less hopanoids than for species such as R. palustris or B. diazoefficiens, where the absence of hopanoids impaired resistance to a suite of stresses in addition to temperature stress Welander et al., 2009 ).
In contrast, N. punctiforme akinete cells did exhibit a stress resistance defect in the absence of hopanoids, suggesting that the concentration of desmethylhopanoids may be linked to protection against stressors that require cell penetration (Fig. 6) . Unexpectedly, we observed a reduction in the number of large refractile granules within akinetes that lacked hopanoids or 2-methylhopanoids (Fig. 5 ).
Cyanophycin is a poly amino acid used to store carbon and nitrogen. It occurs in these large refractile granules, in contrast to very small glycogen granules that are below the resolution of light microscopy and only store carbon (Perez et al., 2016) . This suggests that hopanoids and 2-methylhopanoids may impact nitrogen storage and thus may facilitate physiological response to environmental nutrient stress.
Finally, due to emerging evidence that hopanoids can have important phenotypes in the ecologically relevant context of plant-microbe symbioses Silipo et al., 2014) , we looked for such a connection between N. punctiforme and A. punctatus (Fig. 7) .
That we did not observe any hopanoid-linked effects in this symbiotic system underscores that symbiotic partnerships are each distinct, echoing a conclusion from our work with B. diazoefficiens, where we observed that hopanoid mutants have different phenotypes with different plant partners . It is possible that hopanoids are important in N. punctiforme's interactions with other plants; these interactions span a large phylogenetic diversity, involve the infection of divergent plant structures, and have different physiological effects on N. punctiforme as evidenced by the diversity in the percentage of heterocysts in each interaction (Meeks & Elhai, 2002) .
To predict whether hopanoids will be important in symbiotic or other natural contexts, we need to better understand both the nature of the symbiotic microenvironment, as well as the interactions hopanoids have with other cellular constituents that may provide a fitness advantage in particular contexts. This is a priority for future work.
| CONCLUSION AND RELEVANCE TO THE ROCK RECORD
Our ability to confidently interpret the biomarker record depends both on a deep understanding of the biological function of a given biomarker and-particularly in the absence of independent data that can calibrate which source organisms were present in an ancient localeawareness of the extent to which a given function is generalizable.
Because most genetic studies of hopanoid-dependent phenotypes have been performed in Alphaproteobacteria, this work with a model hopanoid-producing cyanobacterium expands our understanding of such phenotypes in a phylogenetically meaningful way. Our primary conclusion is that hopanoids appear to play a general role in rigidifying cell membranes, which helps rationalize temperature stress phenotypes and correlates with the enrichment of hopanoid-producing cells in hot spring environments (Summons et al., 1999 ). Yet the manner by which they exert these effects seems to depend as much, if not more, on changes to the broader lipidome that accompany alteration in hopanoid abundance. An effort to link hopanoids with changes to specific membrane constituents is thus an important goal for followup studies. It is likely that identification of "fingerprints" of diagenetically resilient lipids will allow greater parsing of paleoenvironmental changes than is possible with hopanes alone.
In addition, our akinete findings serve as a reminder of the possible importance of these survival structures in contributing to the record of hopanoid and 2-methylhopanoid preservation (Doughty et al., 2009) and specifically hint at a role for hopanoids in recording carbon:nitrogen balance. If this latter phenotype is generalizable, it has the potential to help us disentangle complex paleoenvironmental signals. For example, the highest 2-methylhopane indices yet reported correlate with
Oceanic Anoxic Events at the Permo-Triassic boundary (Xie, Pancost, Yin, Wang, & Evershed, 2005) and during Cretaceous OAEs, times thought to be associated with global disruptions in nutrient cycling (Kuypers, van Breugel, Schouten, Erba, & Sinninghe Damste′, 2004 
